Size-controlled ZnSe nanoparticles with high extents of atomic positional order are shown to exhibit large size-dependent variations in their local electronic environments. Solid-state 77 Se and 67 Zn NMR spectra reveal increasingly broad distributions of 77 Se and 67 Zn environments with decreasing nanoparticle sizes, in contrast with high degrees of atomic positional order established by transmission electron microscopy and x-ray diffraction. First-principles calculations of NMR parameters distinguish between atomic positional and electronic disorder that propagate from the nanoparticle surfaces and yield insights on the order and disorder present. DOI: 10.1103/PhysRevLett.103.136802 PACS numbers: 73.22.Àf, 71.15.Mb, 73.61.Ga, 82.56.Àb Nanoparticles have been the focus of intense research interest because their size-dependent properties are generally different from bulk materials with similar compositions [1] [2] [3] . Recent advances in syntheses of nanoparticles allow their sizes, shapes, morphologies, and compositions to be controlled within narrow distributions [4, 5] that have enabled fundamental studies and comparisons of their physicochemical properties [6, 7] . In particular, numerous semiconducting compounds and metals have been prepared with high degrees of local atomic positional order, as evidenced by scattering and electron microscopy measurements [8, 9] , which have led to their designation as ''nanocrystals.'' Resulting applications benefit from more uniform macroscopic properties that are not complicated by otherwise broad distributions of nanoparticle sizes, shapes, and/or atomic disorder.
Nanoparticles have been the focus of intense research interest because their size-dependent properties are generally different from bulk materials with similar compositions [1] [2] [3] . Recent advances in syntheses of nanoparticles allow their sizes, shapes, morphologies, and compositions to be controlled within narrow distributions [4, 5] that have enabled fundamental studies and comparisons of their physicochemical properties [6, 7] . In particular, numerous semiconducting compounds and metals have been prepared with high degrees of local atomic positional order, as evidenced by scattering and electron microscopy measurements [8, 9] , which have led to their designation as ''nanocrystals.'' Resulting applications benefit from more uniform macroscopic properties that are not complicated by otherwise broad distributions of nanoparticle sizes, shapes, and/or atomic disorder.
Nevertheless, even for uniform particles, nanoscale dimensions inherently lead to large surface areas that can contribute importantly to nanoparticle properties. Abrupt discontinuities at nanoparticle surfaces generally exert large influences on surface compositions and bonding [10] . The extent to which such surface influences penetrate into the interiors of nanoparticles, however, is largely unknown. This is due, in part, to challenges in characterizing heterogeneities in nanoscale materials, which inherently lack long-range, and often even short-range, molecular order.
Here, the extents of atomic positional order and local electronic order within the internal structures of semiconducting nanoparticles are distinguished and shown to differ. ZnSe nanoparticles are used as an example, the sizes and shapes of which were controlled by syntheses in the presence of varying ratios of octadecylamine (ODA) and trioctylphosphineoxide (TOPO) surfactant species (Ref. [11] , Fig. S1 ). Different ODA:TOPO molar ratios yield ZnSe nanoparticles ( [11] , Fig. S2 ) with different adjustable and relatively uniform shapes and sizes [5] , as shown in the representative TEM images of Figs. 1(a)-1(c). All of the nanoparticles observed exhibit well-defined lattice fringes, associated with scattering from ordered core electrons that manifest high extents of atomic positional order. Faceted ZnSe spheroids with a mean diameter of 9 nm (standard deviation, SD 2 nm) were obtained from a 1:1 molar mixture of ODA:TOPO [ Fig. 1(a) ]. Prolate nanorods with a mean diameter of 5 nm (SD 2 nm) [ Fig. 1(b) ] were predominantly formed using only TOPO surfactant species, while ultranarrow nanorods 1.3 nm (SD 0.4 nm) in diameter [ Fig. 1(c) ] were synthesized using only ODA. Powder XRD patterns show wide-angle reflections that are indexable to the expected bulk cubic zinc blende (ZB) structure for the 9-and 5-nm ZnSe nanoparticles [ Fig. 1(d) ]. By comparison, the ODA-capped 1.3-nm ZnSe nanorods exhibit reflections that are indexable to a hexagonal wurtzite (WZ) structure [ Fig. 1(d) ], which is not typically associated with bulk ZnSe [5, 12] . The XRD patterns are consistent with the well-defined lattice fringes observed in the TEM images in Figs. 1(a)-1(c) , indicating high extents of positional order of Se and Zn atoms in these ZnSe nanoparticles, within the resolution limits of the scattering measurements [13] .
In contrast, solid-state 77 Se and 67 Zn magic-angle spinning (MAS) NMR measurements [11] 77 Se NMR has previously been used to characterize surface and local structures of chalcogenides [14] , including nanoparticles [15, 16] . By comparison, there have been far fewer studies of inorganic materials using solid-state 67 Zn NMR [14, 17, 18] , due in part to the low gyromagnetic ratio, low natural abundance, and the quadrupolar character of 67 Zn, which result in low signal sensitivity and poor spectral resolution, which are both significantly improved at very high magnetic fields.
Bulk polycrystalline ZnSe is predominantly comprised of Zn and Se sites with high degrees of both atomic positional and electronic order. By comparison, for ''nanocrystalline'' ZnSe particles with sizes below ca. 10 nm, solid-state MAS NMR spectra reveal much broader distributions of local electronic environments around otherwise predominantly positionally ordered 77 Se and 67 Zn sites. For the same 9, 5, and 1.3 nm diameter ZnSe nanoparticle samples shown in Fig. 1 Fig. 2(a) ]. In Fig. 2(b) , for the 9-nm ZnSe nanoparticles, a sharp (5 ppm fwhm) signal at À351 ppm is observed, consistent with an appreciable fraction of 77 Se atoms in approximately crystalline bulklike local environments. However, in addition, a significantly broader (ca. 35 ppm fwhm) component is present underlying the bulk peak and also broad upfield intensity at À380 ppm. For the 5-nm ZnSe nanoparticles [ Fig. 2(c) ], the narrow bulk peak is not visible, having been replaced entirely by the broad partially resolved signals at ca. À350 and À380 ppm, which increase in intensity as the nanoparticles become smaller. These broadened and displaced 77 Se signals correlate with the greater relative surface-to-volume fraction of the 5-nm ZnSe nanoparticles, compared to the 9-nm nanoparticles or polycrystalline ZnSe.
The appearance of significantly broader 77 Se MAS NMR signals for ZnSe nanoparticles with mean diameters smaller than ca. 10 nm reflects larger contributions from distributions of local environments near the nanoparticle surfaces. The broadened and upfield-shifted 77 Se MAS signal intensities in Figs. 2(b) and 2(c) indicate that local nonbulk 77 Se environments near the ZnSe nanoparticle surfaces propagate toward their cores, despite the high degrees of atomic positional order revealed by TEM and XRD (Fig. 1) . Based on the absence of a sharp bulklike 77 Se signal at À351 ppm for the 5-nm nanoparticles, the surface-induced perturbations of the electronic density at 77 Se sites persist ca. 2 nm from the ZnSe nanoparticle surfaces.
The 77 Se MAS spectrum of even smaller ZnSe nanoparticles is consistent with the large influence of surface effects on the electronic environments of interior 77 Se sites, although analyses are complicated by different atom configurations. Specifically, ultranarrow 1.3 nm nanorods [ Fig. 2(d) ] show broad 77 Se signals centered at À420 and À510 ppm, but no signal intensity corresponding to bulklike ZnSe environments (ca. À350 ppm). As discussed above, the 1.3-nm ZnSe nanoparticles have a hexagonal wurtzite (WZ) structure [5] , so that the absence of a 77 Se signal at À351 ppm could be due to a difference in chemical shifts between 77 Se atoms in bulk ZB versus WZ environments. Although the bulk WZ ZnSe structure is not stable under ambient conditions and the corresponding 77 Se chemical shift(s) thus not experimentally measurable, they can nevertheless be calculated from first-principles. This permits differences in the bulk zinc blende and wurtzite structures to be quantitatively assessed independently 
Predictions of 77 Se NMR parameters were performed by using the plane-wave-based density functional theory (DFT) code CASTEP [19, 20] , where long-range solid-state environments are described through periodic boundary conditions. Calculations performed on bulk ZnSe systems with WZ and ZB structures predict that polycrystalline WZ ZnSe (if it existed) would yield a sharp 77 Se NMR resonance between À365 and À380 ppm. The clear absence of 77 Se signal intensity between À350 and À400 ppm for the 1.3-nm WZ ZnSe nanoparticles [ Fig. 2(d) More specific insights on the nature and origin of the disorder observed by NMR are obtained from DFT calculations of 77 Se and 67 Zn chemical shifts [11] . Computations were conducted using ZnSe ZB supercells with two exposed charge-neutral (110) surfaces as representative for ZnSe nanoparticles, with surface-capping H 3 PO molecules to approximate interactions with the TOPO surfactant head groups [21] (for the 5-nm particles.) After optimization of the H 3 PO adsorption geometry [11] , DFT calculations of 77 Se chemical shifts were conducted on systems containing various numbers of (110) layers to probe electronic and structural environments at different atomic distances from the exterior ZnSe nanoparticle surfaces.
Model systems with sufficiently large numbers of ZnSe layers permit detailed analyses of the effects that explain the experimental 77 Se NMR spectra of ZnSe nanoparticles at a molecular level. For example, Fig. 3 shows the 77 Se isotropic chemical shifts of sites at different distances from a ZnSe surface calculated using supercells containing 9 or 17 ZB (110) ZnSe layers. For 50% H 3 PO coverage (energetically favored over higher surface concentrations), each ZnSe layer has two types of 77 Se atoms that are distinguished by their proximities to the adsorbed H 3 PO molecules (Fig. 3, right) . The calculations show that the broad 77 Se signal(s) in the range À380 to À420 ppm can be attributed to 77 Se atoms in the first two layers, whose resonances are shifted upfield relative to bulk environments, due to combined effects of surface relaxation ($2-3%) and interactions with H 3 PO molecules adsorbed on nearby surface Zn atoms.
By comparison, the chemical shifts of otherwise positionally ordered 77 Se atoms located farther below the surface are principally affected by surface-induced electronic perturbations. In our optimizations of the H 3 PO adsorption geometry, whereas atomic positions were allowed to relax in the first two ZnSe layers, the atoms located farther from the surface were fixed to their bulk positions. Thus, the propagation of surface-induced electronic perturbations into the ZnSe particle interiors could be probed in the absence of atomic positional disorder and/or independently of small amplitude positional variations that may underlie the intrinsic Debye-Scherrer-broadened XRD reflections of nanoscale particles. Importantly, damped 20- [22] . The 77 Se MAS NMR spectrum of 5-nm ZnSe nanoparticles along the upper axis is the same as in Fig. 2(c In particular, the broader and less resolved spectra are consistent with and accounted for by second-order quadrupolar interactions that are sensitive to perturbations of nearby electric-field gradients at or near the ZnSe nanoparticle surfaces. The broadening of 67 Zn and 77 Se NMR signals can thus be principally attributed to distributions of local valence electronic environments in otherwise atomically ordered ZnSe nanoparticles.
In conclusion, solid-state 77 Se and 67 Zn NMR spectra of ZnSe nanoparticles show substantial size-dependent broadening of the NMR resonances that reflects increasing extents of local disorder that propagate >1 nm from the nanoparticle surfaces. Such disorder belies the high degrees of atomic positional order that are independently established by TEM and XRD. DFT calculations of 77 Se and 67 Zn NMR parameters show that the broad NMR lines can be attributed to perturbations of the electronic density at positionally ordered sites near ZnSe nanoparticle surfaces. Although such ZnSe nanoparticles have generally been labeled ''nanocrystalline'', based on the high degrees of three-dimensional (3D) translational periodic positional ordering of their Zn and Se atoms, they nevertheless exhibit large distributions of local electronic environments. The electronic disorder evidenced here for ZnSe semiconducting nanoparticles is likely to have important implications for the understanding and control of physicochemical properties of a wide range of nanoscale systems for which surface and near-surface effects are expected to play important and in many cases governing roles.
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